Abstract-A 2 × 2 circularly polarized (CP) MIMO antenna is proposed to resonate at 5.8 GHz IEEE 802.11 WLAN band for non-line of sight (NLOS) communication. The proposed design achieves circular polarization with two optimized 90 • apart rectangular slots etched at the center of a truncated rectangular patch. The proposed MIMO covers 5.49-6.024 GHz frequency band. The achieved isolation between two ports is more than 33 dB. The gain at the 5.8 GHz resonant frequency is 5.34 dBi. The diversity performance in terms of gain, ECC, and MEG has been reported.
INTRODUCTION
Highly isolated or very low mutual coupling among the multiple input multiple output (MIMO) antenna elements is achieved via space isolation (diversity) and polarization isolation techniques. The first one is not always feasible due to maximization of space requirements, which in turn requires higher cost of making antennas. The second one is due to orthogonal polarization of electromagnetic waves, and is preferred in designs. One of the issues at the receiving end is that the possibility of receiving unequal signal gains was high, due to the polarization mismatches because of independent fading in indoor and outdoor environments. In line of sight communication (LOS) even with linearly polarized MIMO, the receiving antennas are able to receive unequal signal powers. The antenna that receives the least power, limits the diversity gain, which in turn lowers the signal to noise ratio (SNR). The circularly polarized (CP) MIMO eliminates the polarization mismatch effect and equally divides the power among receiving radiators. The CP antenna has focusing, anti-jamming, and anti-interference capabilities.
Basic mechanism to achieve circular polarization (CP) is discussed in detail in literature. The first approach of CP wave generation was projected on the feed application at the diagonal axis of a patch. The second approach of CP wave generation depended on the perturbation of patch in terms of either oppositely truncated corners or oppositely located corner slots with diagonal feeding. The third approach of CP wave generation was based on a 45 • diagonal slot at the center with microstrip feed. In the fourth approach, a perturbation in a square slot with unequal L-shaped patch/ground arms [1] and asymmetric slits/slots are used to generate CP mode [2, 3] .
The discussed approaches have been seen individually as well as jointly in different designs. In a design, a dual-excitation approach with dumbbell-shaped defected ground structure (DGS) was used for reconfigurability in beam steering, and improvement in front to back-lobe ratio (FBR) [4, 5] . To avoid the problem of narrow bandwidth a coplanar waveguide (CPW) was used for designing CP polarized rhombic antennas for radio receivers [6] . Different fractal designs [7, 8] were used to achieve certain performance metrices of CP antennas. Similarly, a focused antenna array with L-shaped slot helps in generating CP mode, when etched in an oppositely chopped inset feed patch [9] . A sequentially rotated slot antenna structure can generate CP polarized wave for maximum power transfer [10] .
Similarly, the surface wave controlling using shorting pins/posts [11, 12] , frequency agility [13] , and polarization matching are the effects of CP polarization [14] . The CP antennas are used in radio frequency identification (RFID) trans-receive systems [15] , airborne systems [16] , and in automobile engineering applications [17] .
The effect of CP on MIMO can be accounted as an increase of diversity gain, throughput, data rate, and capacity [18] . Similarly, to broaden the bandwidth of the CP array, multiple layers of substrate are also required along with the feed structure to make all the elements to be 90 • phase shifted with equal amplitudes [19] , and high gain can be achieved [20] . The segmented circles with 90 • phase coupling (polarizers or stubs) in each circle and with power divider is also a approach of MIMO CP antennas [21, 22] . A slotted array antenna with slits was also reported in literature to generate CP polarization [23] . A polygon-shaped radiator with L-shaped arm responds with the dual-band CP characteristics. The isolation improvement between the MIMO radiators is achieved by the ground separator and by the placement of radiators [24] .
The proposed design achieves circular polarization by two optimized 90 • apart rectangular slots etched at the center of a rectangular patch. The 90 • phased slots also enhance the bandwidth of the antenna. The two orthogonal modes with 90 • phase and equal amplitudes are excited by slots etched at the center of truncated rectangular patches to generate CP mode. A single microstrip feed at an appropriate location, eliminates the need of matching network, external polarizer and also reduces the overall size of the design. A two-arm feed mechanism is used for the proposed design to spread the total power among radiating elements. It consists of 50 Ω, 70.7 Ω, and 100 Ω microstrip transmission lines and is helpful in designing of 2 × 2 MIMO. In our design, a 2 × 2 MIMO antenna with CP polarization is proposed with more than 33 dB of isolation between radiating elements. The designed MIMO covers 5.8 GHz IEEE 802.11 WLAN standard. The proposed work is reported in four sections. Section 2 describes design concept and fabrication. Sections 3 and 4 explain experimental results and conclusion.
DESIGN STUDIES AND RESULTS
The proposed 2 × 2 MIMO antenna is designed with circular polarization to trans-receive signals with left/right-hand CP wave. The proposed 2-port MIMO antenna with 50 Ω ports is designed using computer simulation tool (CST) version 12.0 and fabricated on an FR4 dielectric substrate (thickness of 1.524 mm, permittivity of 4.4, and loss tangent of 0.025) of size 27.69 × 97 mm 2 . The particle swarm optimization (PSO) approach with min-max algorithm was set to achieve the best design goals for the desired band of operation and for required antenna parameters. The minimum return loss, high isolation (low mutual coupling), compact size, sufficient antenna gain, and specific WLAN application are the design guidelines behind the selection of the proposed antenna.
A single microstrip feed is designed for 1 × 2 combinations. The microstrip feed is selected here to avoid cutting of substrate and conductive layers (as used in coaxial feed structure), and also to control surface waves. The proposed design achieves circular polarization by the optimization of two 90 • apart rectangular slots etched at the center of the rectangular patch. A full ground structure is selected in design along with a slot (width 1.5 mm) in the ground in between the power divider arms to avoid direct coupling between them, and a ground split of 0.5 mm is used between two ports to avoid sharing of common ground. The optimized dimensions are obtained here while setting the min-max algorithm with ±10% variation in set values. The best results were achieved after 2100 iterations and are shown in Table 1 . The schematic view and fabricated MIMO antenna are shown in Fig. 1 and Fig. 2 . 
Simulation and Measurement Results
A calibrated two-port vector network analyzer (VNA)-HP8720B is used to test all the S parameters, and the far-field quantities are measured in an anechoic chamber for the validity of CST design and its simulated parameters. A 2×2 CP MIMO is designed to solve the drawbacks of single elements, i.e., capacity, data rate, etc. The proposed 2 × 2 CP MIMO antenna with three cases of patch structures is shown in Fig. 3(a) and Fig. 3(b) , for return loss, isolation and axial ratio (AR) characteristics. The first case of 2 × 2 MIMO antenna, with no slot in patch, has −10 dB impedance band of 5.82-5.994 GHz (bandwidth equals 174 MHz), and the corresponding value of isolation in the band is more than 35 dB. The MIMO antenna in this case is linearly polarized as the AR at the resonant frequency is 16.81 dB, and in frequency band AR is more than 10 dB. The MIMO antenna resonates at 5.908 GHz frequency.
The return loss in the first case was very close to −10 dB line. Therefore, the chopping of patch from the opposite corners and chopping of microstrip lines are considered for the next two cases to decrease the return loss. The second case of 2 × 2 MIMO antenna with one slot of 45 • in patch has −10 dB impedance band of 5.548-6.076 GHz, and the corresponding value of isolation in the band is more than 33 dB. The MIMO antenna in this case is circularly polarized, as the AR at the resonant frequency of 5.85 GHz is 0.93 dB. A frequency shift of 672 MHz has been observed here in comparison with the first case, and the total bandwidth obtained here is 528 MHz. At 5.8 GHz frequency value of AR is 1.95. Such a single-slot approach was used in many of the described designs in literature.
In the third case, the proposed patch structure with 90 • asymmetric slots is designed for better (a) (b) performance of AR characteristics than the patch with a single slot. The proposed 2 × 2 MIMO antenna with dual-slot in patch shows the CP polarization with −10 dB impedance band of 5.49-6.024 GHz, and the corresponding value of isolation is more than 33 dB. The bandwidth in this case is 534 MHz and is slightly higher than the second case. A 6 MHz of frequency shift towards lower frequency band is observed here in comparison with the second case. The proposed MIMO antenna resonates at 5.8 GHz frequency with AR value of 0.68 dB. The AR value in this case is much better than the second case. A slightly higher frequency band is the result of the second inclined slot in patch. A comparison of the considered cases are shown in Table 2 . Under the measurement state, unused ports are terminated by 50 Ω. It has been observed that CST MWS (CST microwave studio) and VNA results are in good agreement. From the simulation and measurement of S parameters, we find that S 11 = S 22 and S 12 = S 21 . This situation exists due to the placement of two 1 × 2 single antennas in mirror positions. Therefore, for the simplicity of analysis, we consider S 11 and S 21 scattering parameters only, for plotting and measurement of other parameters throughout the paper.
Similarly, the measured and simulated S parameters are compared in Fig. 4(a) . The simulated −10 dB impedance bandwidth extends from 5.49-6.024 GHz with more than 33 dB of in-band isolation. The MIMO antenna resonates at 5. Fig. 4(b) . The different frequency bands along with the values of isolations and AR are shown in Table 3 . The high value of isolation (S 21 = S 12 ) between different ports is due to the design and placement of the MIMO radiating elements. The feed mechanism along with the slot above the feed line and split in ground results in more than 33 dB of isolation between the radiating elements/ports. The two arms of feeder has λ/2 wavelength of separation to make proper operation of radiating elements. However, to limit the inter element coupling between two arms of the feeding network, a slot is etched in the ground plane just above the feed line, and also a ground split is used to limit direct coupling of MIMO radiators. Thus due to these approaches, lower value of surface current is concentrated on the nonexcited port. As observable from Fig. 5 , most of the current concentrates on the feed line and on the radiating elements of the excited port, and very less current is visible on the elements of non-excited port. The same concept is followed when the other port is excited. The scale shows different colors and corresponding values of current linked to the ports under different states. Similarly, when both ports are in excited state, a large value of current is concentrated on each of the excited ports and on their radiating elements.
The effect of slot above the feed line enhances the isolation by 3.44 dB at resonant. A comparison of S parameters and AR is carried out in Fig. 6(a) and Fig. 6(b) . The proposed MIMO antenna with no slot above the feed line shows −10 dB impedance band of 5.5-6.018 GHz with more than 33 dB of in-band isolation and better return loss characteristics, and resonates at 5.816 GHz frequency with 38.25 dB of isolation at resonant. However, the antenna without a slot above the feed line has AR value greater than 6 dB, which means that the antenna is no longer in CP polarization. On the other hand, the proposed MIMO antenna with a slot above the feed line shows −10 dB impedance band of 5.49-6.024 GHz with more than 33 dB of in-band isolation. In this case, antenna resonates at 5.8 GHz Similarly, the effect of the phase difference (θ 0 1 ) between the major and minor slots can be seen on AR and voltage standing wave ratio (VSWR). The considered phase difference between these asymmetric slots is 90 • . When θ 0 1 is varied from 0 • to 90 • , we observe that for 0 • phase difference, both slots are merged, and only a major slot is seen. In this case, the value of AR is 1.95 dB, and VSWR has a value of 1.11. Similarly, when both the slots are 90 • in phase difference, the value of AR is 0.68 dB, and VSWR has a value of 1.12. Similarly, for 45 • phase difference, MIMO antenna has AR value of 40 dB and VSWR of 2.57. A major difference of AR values is observable here at 5.8 GHz resonant frequency. Therefore, we may state that for 0 • and 90 • of phase difference between the two slots, the proposed MIMO shows CP characteristics. For the other values of θ 0 1 , the antenna has linear polarization. Therefore, the considered asymmetric slot case is better than the other cases. All the values have been plotted in Fig. 7 for the validity of proposed design. 
Diversity Performance
The gain, envelope correlation coefficient (ECC), and mean effective gain (MEG) are used to describe the diversity behavior of the proposed 2 × 2 CP MIMO antenna here. The gain is a far-field parameter and measured in an anechoic chamber using the substitution method with two standard horn antennas and with the proposed MIMO antenna. The simulated gain of the proposed 2 × 2 CP MIMO antenna at 5.8 GHz resonant frequency is 5.34 dBi. Similarly, for the designed 2 × 2 CP MIMO, the measured value of gain at 5.8 GHz resonant frequency is 5.23 dBi. The simulated and measured gain values are plotted in Fig. 8 for all the frequencies. The corresponding left polarization of antenna 1 and right polarization of antenna 2 are shown in Fig. 9 , for the effectiveness of the proposed design.
Similarly, the envelope correlation coefficient (ECC) also shows the diversity behavior of the proposed MIMO antenna. The isolation parameters S 12 and S 21 show only the information about the coupling at the ports. However, ECC involves all the scattering parameters of the proposed MIMO to show their effects on the correlation coefficient. Lowering the value of ECC means less correlation between antenna elements, while higher values of it shows the negative impact. For good diversity behavior, the value of ECC must be less than 0.5 for mobile applications. The simulated/measured values of ECC [25] may be obtained using the formula shown in Equation (1) . Here the values of i = 1 Figure 10 . ECC of proposed MIMO antenna. Figure 11 . MEG of proposed MIMO antenna.
to 2 and j = 1 to 2 are for two elements, and N = 2 (as total 2 antennas).
As observable from Fig. 10 that the simulated values of ECC lies between the range of 0-0.0005 (due to very low values, it looks close to zero) in the whole frequency band, while the measured values of ECC between the two radiators lies in the range of 0-0.15. The simulated value of ECC at 5.8 GHz resonant frequency is 2.39 × 10 −7 , and the corresponding measured value of ECC is 2.6 × 10 −2 . The measured results showed fluctuation in ECC values, though we obtained very low ECC values between the two radiators at resonance and also in whole band. The big difference in the measured and simulated ranges/values is due to fabrication errors and port/cable coupling losses.
Similarly, the MEG is also a far-field parameter and is used to show diversity behavior. The MEG [26] includes power patterns of the proposed MIMO antenna. Let the cross polarization ratio be XPR, and the gaussian/uniform medium signals mean (μ) = 0 and variance (σ) = 20, for both horizontal and vertical components. These two mediums (isotropic and gaussian/uniform mediums) have been considered for the analysis of the proposed MIMO antenna, for different values of XPR using CST simulations. Here, it has been observed that the values of MEG for isotropic medium with XPR = 0 dB show almost constant values of −3.5 dB, and with XPR = 6 dB MEG lie in the range of −1.6 to −3.5 dB. Similarly, the values of MEG for Gaussian medium with XPR = 0 dB lie in the range of −4.3 to −6.5 dB, and with XPR = 6 dBMEG lie in the range of −2.7 to −4.9 dB. All the values of MEGs are plotted in Fig. 11 for isotropic and gaussian mediums. A comparison of different simulated MEG values at 5.8 GHz resonant is shown in Table 4 . 
Equivalent Circuit Modeling
For the cross verification of resonant property of the proposed 2 × 2 CP MIMO antenna, an equivalent circuit model was developed using advanced system design (ADS)-2016. This in turn cross verifies the effect of tuning behavior of each patch, slot, and discontinuities (combination of two different wavelength transmission lines). These are modeled as a combination of inductor (L) and capacitor (C). Each of the ports is replaced by a 50 Ω load. Each of the patches is modeled using series combination of L1 and C1, and the effect of two asymmetric slots by the series combination of L2 and C2. Similarly, the combination of 50 Ω, 70.7 Ω, and 100 Ω microstrip transmission lines is jointly represented by series combination of L3 and C3, and the coupling effect between the two ports is modeled as a parallel combination of L4 and C4. The corresponding values of these elements as L1 = 1.2 nH, L2 = 0.66 nH, L3 = 0.9 nH, L4 = 1.99 nH, C1 = 0.86 pF, C2 = 0.76 pF, C3 = 0.6 pF, C4 = 0.9 pF were simulated using ADS software. The equivalent model is shown in Fig. 12 . The corresponding responses (S 11 and S 21 ) are compared with the CST simulated responses in Fig. 13 . The responses using equivalent resonant circuit and CST full wave simulation are very similar for the return loss and isolation parameters.
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